Abstract The use of frameless stereotactic navigation is gaining popularity in spinal surgery. Although initially used in the spine for placement of lumbar pedicle screws, this technology has expanded to facilitate placement of spinal instrumentation at virtually all spinal levels. While previous reports have described the utility of image guidance for placement of spinal instrumentation, its use in assisting with resection of complex spine tumors has not been extensively reported. Here we describe the use of frameless stereotaxy to guide a complex, four-level sagittal vertebral osteotomy for en bloc resection of a giant cell tumor involving the chest wall and thoracic spine.
Introduction
Giant cell tumors (GCT) of the chest wall and spine are rare. They comprise 0.3-1.6% of all GCT [1] . They are benign neoplasms that can be locally aggressive and have high local recurrence rates [2] . Because of their tendency to recur following curettage or intralesional resection, en bloc removal is the treatment of choice when feasible [3] . We describe a multi-level sagittal vertebral osteotomy in the thoracic spine for en bloc resection of a GCT arising from the sixth rib and involving the right lateral portion of the T4-T7 vertebrae. This case demonstrates a technique for the safe and effective en bloc resection of tumors involving the chest wall and spine. Furthermore, it illustrates a novel application of frameless stereotaxy to provide real-time three dimensional imaging during the critical osteotomies required to avoid violating the tumor capsule and the adjacent critical vascular structures.
Case presentation

History and presentation
This 35-year-old male was diagnosed with a GCT of his right posterior chest wall. The patient had a history of a motorcycle accident at 15 years old, during which he sustained right rib fractures. Three years later at age 18 he was involved in a motor vehicle accident and afterwards, he had persistent neck and interscapular pain. Magnetic resonance image (MRI) of the cervical spine was obtained.
The images at that time demonstrated a congenital cervical fusion of C5-6, with no other abnormalities seen. The patient remained relatively stable until approximately 16 months prior to surgery. At that time, his pain progressed causing right-sided band-like numbness of the thorax. A chest X-ray was performed demonstrating a mediastinal mass. A computed tomography (CT) scan of the chest was performed, revealing a right posterior chest wall mass. The lesion measured approximately 9 9 9 9 7.5 cm and was involving the fifth, sixth, and seventh ribs as well as the right antero-lateral portion of the fourth, fifth, sixth, and seventh vertebral bodies.
A CT-guided biopsy was performed which revealed histiocytes and giant cells. The pathological diagnosis was GCT of the bone with extensive secondary changes. The patient was referred to the Sarcoma service at our institution and was treated for 1 year with weekly injections of pegylated interferon. He subsequently underwent serial endovascular embolizations of the lesion, including one procedure per month for 4 months. Of note, the artery of Adamkiewicz was not identified at any of the levels to be resected (right T4-T7). The patient was then referred to the neurosurgical service for definitive surgical resection. CT and MRI of the thoracic spine confirmed the intimate association of the tumor with the lateral aspect of the vertebrae (Fig. 1) .
Operative techniques
An en bloc resection of the mass was planned in two surgical stages, combining the efforts of a multidisciplinary surgical team including neurosurgery, thoracic surgery, and plastic surgery. Intraoperative somatosensory evoked potentials were used during both operations to monitor the patient's neurologic function.
Stage 1
The first stage consisted of a midline posterior thoracic approach with the patient in the prone position. Laminectomies were performed from T4 to T7. On the right side, medial facetectomies were performed and the decompression exposed the medial aspect of the pedicles. The rightsided T4, T5, T6, and T7 nerve roots were ligated and cut to allow for mobilization of the thecal sac and visualization of the right anterior aspect of the spinal canal where the osteotomies would be initiated (Figs. 1d, 2b, c) . Once the laminectomy was completed and the nerve roots ligated, the thecal sac was gently displaced medially with a Penfield #3 dissector. Given the wide laminectomies and Other cuts (not shown) revealed involvement of the neural foramina and mild inflammatory changes in the bone. Note the proximity of the medial tumor margin to the aorta (asterisk) and azygos vein (white arrow) on the axial image. The proximity of the azygous vein and aorta required that the sagittal osteotomy be precisely directed. The planned osteotomy is indicated by a dashed white line medial facetectomies, minimal retraction of the thecal sac was necessary. A high speed pneumatic drill fitted with a 2 mm cutting burr (Midas Rex, Medtronic, Forth Worth, TX, USA) was used to create a sagittal trough approximately 3 mm deep in the right posterior aspect of the vertebral bodies, just medial to the pedicles. This trough extended in the cephalo-caudal direction from the middle of T4 to the T7-8 disc (Fig. 2b) . This sagittal trough served as a docking point for the osteotomes during the second stage, marking the initiation point for the sagittal osteotomies.
The importance of this initial bone work cannot be overemphasized. The medial facetectomies are critical to provide unfettered access to the lateral spinal canal for the high speed drill and subsequent osteotomes. The bone removal must be wide enough to allow an appropriate angle of trajectory for the osteotome, allowing its handle to lean out laterally enough to achieve appropriate medialization of the tip. The sagittal trough is also a key step. The bone of the posterior vertebra at the base of the pedicle is quite hard. Initiating the bone cut with the osteotome itself can require significant force and there is clearly a risk of slippage, which can be dangerous given the proximity of the spinal cord. The trough provides a secure slot into which the osteotomes can be inserted down to the cancellous bone and thus directed in a carefully controlled manner. A precise starting point and trajectory for the sagittal osteotomy are critical in order to achieve an en bloc resection and avoid neural and vascular injury. After the trough was created, posterior stabilization using pedicle screw/rod instrumentation was performed from T2-9 on the left and T2, 3, 4, 8, and 9 on the right. Stereotactic navigation was used to facilitate screw placement and the wound was closed in anatomic layers. While these steps could have been performed as part of a single combined anterior/posterior approach, this two stage technique was utilized because it is easier to place the pedicle screws, and the spinal alignment is more neutral, in the prone position. The patient underwent a CT scan of the thoracic spine between the first and second stages of the operation, following the posterior decompression and instrumentation (see Fig. 2c ). The CT images from that study were loaded into the VectorVision (BrainLab Inc., Munich, Germany) frameless stereotaxy system. This data would be utilized during the second stage for trajectory planning and realtime guidance during the vertebral osteotomies.
Stage 2
Two days after the first stage was completed, the patient was taken back to the operating room. The patient was positioned in the left lateral decubitus position and the procedure began with a right posterolateral thoracotomy incision between the fifth and sixth ribs that extended posteriorly to the midline incision from the first stage. The posterior incision was eventually re-opened allowing for a simultaneous anterior and posterior approach to the spine, the advantages of which are well described [4] . The plastic surgery and thoracic surgery services jointly elevated and mobilized the right trapezius, latissimus dorsi, and serratus anterior muscles to provide additional soft tissue coverage at the time of closure.
Next, the thoracotomy was performed by the thoracic surgeon. The fifth, sixth, and seventh ribs were cut distal to the tumor providing a view into the chest. A double lumen endotracheal tube allowed the right lung to be deflated and the tumor to be inspected. The lung was adherent to the tumor capsule and a wedge resection of the right upper and lower lobes was performed, leaving a small portion of each lobe attached to the tumor capsule. This was necessary to avoid violating the tumor capsule and to assure wide negative margins. The medial aspect of the tumor was then palpated and traced to the anterior aspect of the spine using blunt finger dissection. The firm tumor capsule covered by parietal pleura allowed this path to be created without tumor violation. By sweeping the azygos vein, aorta and esophagus medially, an approximately 1 cm space was created along the anterior aspect of the vertebra and this would serve as the end point of the osteotomy in the sagittal plane. A wide margin was achieved as the tumor was covered with a layer of parietal pleura in this area.
With the intrathoracic dissection completed, the posterior incision from the Stage 1 surgery was re-opened. The fourth and eighth ribs were identified and traced back to the spine. These represent the superior and inferior margins of our resection, respectively. The right paraspinal muscle was truncated at the level of the fourth and eighth ribs and left attached to the tumor to ensure a clean dorsal margin (Fig. 3) . The frameless stereotaxy unit was brought into the room. The reference array (RA) was clamped to the T9 spinous process, which was below the caudal end of our instrumentation. Using the posterior elements of T9 (lamina and spinous processes) facilitated an accurate registration (less than 1.1 mm mean error) because there was limited hardware artifact from the instrumentation at this level. After successful registration, the pointer probe was placed in the previously drilled sagittal trough in the right posterior aspect of each of the vertebral bodies to assess the accuracy of the registration. Confirming the accuracy of the navigation system by the surgeon using known anatomic landmarks was critical to identify the trajectories needed for the osteotomes (see Fig. 4a) . The pointer can then be used alongside the osteotome and guide their trajectories.
Alternatively, the osteotome itself can be registered to the system by clamping a tracking probe to it (see Fig. 4b ). This enables real-time visualization of the osteotome trajectory in the sagittal and axial planes during the osteotomy. Moreover, the imaging provides feedback on the depth of the osteotome tip as it is tapped through the vertebra aiming for the anterior vertebral body surface between the tumor and the aorta. (see Fig. 4c ).
Following completion of the initial cut, the tracking probe can be removed and fixed to additional subsequent osteotomes, facilitating the series of cuts required to complete the multilevel osteotomy. Throughout the entire course of these cuts, our thoracic surgeon can palpate the anterior aspect of the spine, feeling for the osteotome tip elevating the ALL, while protecting the aorta.
Once the sagittal osteotomies were completed from the middle of T4 to the T7-8 disc, the only remaining attachments were the lateral vertebral body of T4, the T7-8 disc annulus, and the anterior longitudinal ligament (ALL) and parietal pleura medially. A small transverse osteotomy There is a retractor (asterisk) under the scapula, the fourth and eighth ribs (dashed white outline) have been exposed, and the paraspinous muscle (black arrows) has been cut and will be removed with the specimen connecting the sagittal osteotomy with the lateral aspect of the vertebra was completed using a narrow osteotome just below the T4 pedicle. The T7-8 disc was cut sharply with a #15 scalpel. This allowed the entire specimen to be mobilized (see Fig. 5 ). The remaining attachments to the parietal pleura and ALL were then cauterized and divided, freeing the specimen which was sent to pathology (Fig. 6) .
This resulted in an en bloc resection of the tumor and margins were negative for tumor on final pathological evaluation. While there was no tumor invasion of the vertebra, the capsule was densely adherent to the vertebral periosteum. Dissection along this plane would most certainly have led to an intratumoral margin.
Prior to closure, the right posterior stabilization rod was replaced and the posterior bony surfaces from T2 to T9 were decorticated using a high speed drill. Corticocancellous allograft and demineralized bone matrix were placed over the bleeding bony surfaces to achieve arthrodesis. At closure, the trapezius muscle was used to provide coverage for the posterior instrumentation. This was necessary as the paraspinal musculature at the involved levels had been resected with the specimen in order to ensure a clean margin. The latissimus dorsi muscle was used to reconstruct the posterior chest wall where the ribs had been resected, and to provide a barrier between the exposed thecal sac and the thoracic cavity. The serratus anterior muscle was used to provide further coverage of the posterior chest wall defect.
At 1-year follow-up, the patient has no radiographic evidence of recurrence, and his spinal alignment has been maintained without evidence of hardware failure. There is evidence of successful posterior arthrodesis. The post operative CT scans, when compared with the intraoperative navigational images, confirm that the vertebral osteotomies Fig. 4 a Reference array (asterisk) clamped to the T9 spinous process. The pointer probe (arrow) is placed in the drilled trough in the posterior vertebral bodies to verify system and registration accuracy. b The osteotome has been registered to the system by clamping a tracking probe to the shaft. Using the proposed trajectory seen on the screen (c), the osteotomy is begun. c Axial, coronal and sagittal views are demonstrated. As the sagittal osteotomy is completed, the depth and trajectory of the instrument is seen in real-time. Tu tumor, Ao aorta are at the location predicted by the frameless stereotaxy during the surgery (Figs. 7a-c, 4c) . The patient is neurologically intact.
Discussion
In this case report, we describe a novel technique for the multilevel sagittal vertebral osteotomy required for en bloc resection of a GCT involving the chest wall and thoracic spine. GCT are benign tumors that typically occur in the epiphysis or distal metaphysis of long bones. They commonly occur in patients in their third to fourth decades of life, and there is a slight female predominance. They are regarded as benign but can be locally aggressive [5] . The rib is a rare site for GCT, accounting for 0.5-1.6% of cases [1, 4, 6] . Positive margins carry a high risk of local recurrence [1] . Other therapies (such as radiation) maintain Fig. 5 a Sagittal osteotomies complete with T4-5, T5-6, T6-7 discs visible (asterisk) and cut vertebral body surfaces seen. b Sagittal osteotomy seen on axial CT scan at T7 level. Note the relationship of the ventral aspect of the osteotomy to the aorta (Ao) Fig. 6 The tumor specimen. a En face view of the sagittal osteotomy surface. b Ventral view of the tumor resected in en bloc fashion. c Cross-section of the specimen demonstrating the gross appearance of the heterogeneous contents of the tumor inherent risks as well. Radiation is generally reserved as a treatment for tumors that cannot be controlled with surgical resection because malignant transformation can occur in as many as 30% of cases [7] .
En bloc resection has been advocated as the ideal way to treat these lesions if the procedure is technically feasible and can be performed with acceptable morbidity [8] . Decreased local recurrence rates have clearly been demonstrated when en bloc resection is applied to other primary bone tumors [9, 10] . Techniques for en bloc resection of spinal tumors have been increasingly described in the literature [11] [12] [13] . These procedures are technically demanding and provide an excellent opportunity for the application of new technologies.
This case highlights the challenge of maintaining tumorfree margins, consistent with en bloc resection. The tumor involvement of the neural foramina, the intimate association with the lateral vertebral surfaces, and dense adherence to the periosteum (with secondary inflammatory changes in the bone) caused concern that any attempt to peel this tumor off of the lateral vertebral bodies would drastically increase the risks of an intralesional margin and tumor spillage. By resecting a portion of the vertebral body, we could ensure a wide margin. One of the difficulties faced in this case was establishing the ideal osteotome trajectory, contending with the narrow window between the tumor and aerodigestive and vascular structures in the thorax. Registration of the osteotomes to the frameless stereotactic navigation system, which has not been previously described, allowed for precise bone cuts to be made under real-time image guidance. This prevented violation of the tumor capsule while preserving the integrity of critical adjacent vascular structures.
Frameless stereotaxy has been increasingly utilized for spinal surgery applications. Over the last decade, it has gained popularity as an adjunct to the surgeon's knowledge of anatomy when placing spinal instrumentation in the thoracic [14, 15] , lumbar [16] , and cervical spine [17] [18] [19] . In situations such as these, intraoperative navigation may decrease the risk of injury to critical neural and/or vascular structures during screw placement [15, 16, [20] [21] [22] [23] . Drawing upon our experience using frameless stereotactic navigation to assist in the placement of thoracic pedicle screws, we utilized this technology in a novel manner to help guide our multilevel sagittal osteotomies. Data from a high resolution spinal CT performed between surgical stages was loaded onto the image guidance system in preparation for the second stage of surgery. For the sake of accuracy, we wanted to place the RA as close to the region of the osteotomies as possible. Unfortunately, the laminectomies performed during the first stage eliminated the spinous processes at these levels as a place to attach the RA and also reduced the number of reliable bony surface landmarks that could be used to register the patient to the system. We therefore initially placed the RA at T8, where we encountered a second limitation. The metal artifact from the hardware altered the imaging of the spine creating false surface ''landmarks'' that made it impossible to achieve accurate registration. This was solved by moving the RA to the T9 spinous process, safely below the caudal end of the metal construct which ended at the T9 pedicles. (Fig. 4c) . Note presence of posterior fusion mass (indicated by arrow) suggesting successful arthrodesis Here, the CT scan was free of artifact and successful registration could be performed, and importantly, accuracy of the navigation system could be confirmed by touching the probe to visible anatomic landmarks. Given that the patient was fused from T2 to T9, accuracy was still maintained at T4 despite the fact that the RA was five levels away. Whether using the pointer probe held adjacent to the osteotomes or registering the osteotomes themselves with a tracking probe, we found a high level of accuracy with our image guidance and were able to precisely position our osteotomes to achieve a safe en bloc resection.
